The tissue inhibitor of the metalloproteinase-3 (TIMP-3) gene was isolated as a gene involved in the process of ascorbate-induced diŠerentiation of mouse MC3T3-E1 cells by the diŠerential display method. The functional roles of TIMP-3 were characterized by establishing stable cell lines, which constitutively expressed the TIMP-3 gene. The TIMP-3 transfectants produced type I collagen at the same level as that of normal cells in response to ascorbic acid 2-phosphate (AscP). However, the expression of the other osteoblastic marker proteins such as alkaline phosphatase (ALPase), osteopontin (OP), osteocalcin (OC), osteonectin (ON) and matrix metalloproteinases (MMPs) remained at a low level even in the presence of AscP. Furthermore, no mineralization of the extracellular matrix (ECM) occurred with the transfectants. Remodeling ECM through TIMPs and MMPs is concluded to be required for osteoblastic diŠerentiation.
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Osteoblasts play a key role in the process of bone formation by secreting bone matrix components. The committed osteoblasts produce high levels of type I collagen, alkaline phosphatase (ALPase), and other specialized non-collagenous proteins such as osteocalcin (OC) and osteopontin (OP). 1) Osteoblastic diŠerentiation has been demonstrated to be under the control of various hormones and growth factors. Ascorbate has been shown to promote diŠerentiation and mineralization of mouse MC3T3-E1 cells by enhancing the accumulation of mature collagen in the extracellular matrix (ECM).
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The extracellular matrix is required for various cellular functions including adhesion, migration, proliferation and diŠerentiation. Degradation of ECM is important for the regulation of such cellular functions. Matrix metalloproteinases (MMPs), zinc endopeptidases, are capable of the proteolysis of numerous ECM components and play an essential role in tissue remodeling under various physiological and pathological conditions such as tissue repair, arthritis, angiogenesis, and tumor migration and invasion. [5] [6] [7] [8] The tissue inhibitor of the metalloproteinase (TIMP) family consists of four members, TIMP-1, -2, -3 and -4. 5) They are related to, but distinct from each other and function as naturally occurring inhibitors of MMPs. TIMPs as well as MMPs are important regulators to remodel the connective tissue. TIMP-1 inhibits a variety of metalloproteinases. In contrast, TIMP-2 appears to speciˆcally inhibit MMP-2 and MT-MMP. TIMP-4 is most closely related to TIMP-2 and has been suggested to be a tissue-speciˆc regulator of ECM remodeling. TIMP-3 is predominantly matrix-associated, distinguishing it from the other three TIMPs. 9) We have previously reported that osteoblastic MC3T3-E1 cells produced several MMPs. MMP-2 and -9 were constitutively expressed, whereas the expression of MMP-13 was increased in parallel with the progress of osteogenesis. 10) In this present study, we isolated the TIMP-3 gene as an up-regulated gene during the ascorbate-induced diŠerentiation of MC3T3-E1 cells. To further characterize the physiological functions of TIMP-3 in the process of the diŠerentiation of MC3T3-E1 cells, we introduced constructs that allowed over-expression of the TIMP-3 gene in stable cell lines. The transfectants produced type I collagen at the same level as that of MC3T3-E1 cells in response to ascorbate. However, the expression of the other typical osteoblastic phenotypes such as ALPase, OC, OP, ON, and MMPs remained unaltered at low levels, even in the presence of ascorbate, which caused no mineralization of ECM.
Materials and Methods
Cell culture. MC3T3-E1, a mouse preosteoblast cell line, was obtained from Riken Cell Bank (Japan), and grown at 379 C in Dulbecco's modiˆed Eagle's medium (Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with 10z heat-inactivated fetal bovine serum (FBS), 100 units W ml of penicillin, and 100 mg W ml of streptomycin under a humidiˆed 5z CO 2 atmosphere. For diŠerentiation, cells were grown in this medium supplemented with 0.4 mM L-ascorbic acid 2-phosphate (AscP, ascorbic acid 2-phosphate magnesium salt; Wako, Osaka, Japan). The medium with or without 0.4 mM AscP was changed every 3-4 days.
RNA preparation and northern blot analysis. Total RNAs were prepared from cells cultured under various growth conditions as described by Chomczynski. 11) The total RNAs (20 mg each) were denatured, electrophoresed and blotted on to Hybond-N＋ membranes (Amersham, Little Chalfont, UK). The membranes were subsequently prehybridized, hybridized with a radioactive probe, and then washed according to a standard procedure prior to autoradiography. 12, 13) The radioactive probes were prepared by random priming from cDNAs encoding TIMP-1, -2, -3, and b-actin. TIMP-1 and TIMP-2 cDNAs were excised from pBSmTIMP-1 and pBSmTIPM-2, respectively, which were purchased from University Technologies International (Calgary, Alberta, Canada).
DiŠerential display. cDNAs wereˆrst synthesized from total RNAs by using M-MLV RTase with four kinds of T12VN primer (V; a mixture of A, C and G). With 20 ng of total cDNAs as templates, cDNAs were ampliˆed by PCR with various sets of 0.2 mM arbitrary primers and 1 mM of the T12VN primer, these being the same primers as those used for thê rst cDNA synthesis. 14) PCR was performed in 25 cycles of 30 sec at 949 C for denaturation, 1 min at 429 C for annealing and 30 sec at 729 C for extension. The PCR products were labeled by adding 32 P-dCTP to the reaction mixture. After ampliˆcation, the PCR products were separated on 6z acrylamide W 8M urea sequence gel and detected by autoradiography. The cDNA bands exhibiting diŠerences in their signal intensities from a comparison of the cDNA bands derived from diŠerentiated cells with those from undiŠerentiated cells were eluted from the gel, ampliˆed under the same PCR conditions without 32 P-dCTP, cloned into pUC118 and sequenced.
DNA construction, DNA transfection and selection of stable transfectants. To construct the TIMP-3 expression vectors (pCI-TIMP-3 and pCI-TIMP3as), the full length of TIMP-3 cDNA was ampliˆed by RT-PCR from total RNAs that had been isolated from diŠerentiated MC3T3-E1 cells, and then cloned into the pCI-neo vector (Promega, Madison, WI, U.S.A.) in the same (pCI-TIMP-3) or opposite (pCI-TIMP-3as) direction to the CMV constitutive promoter. The MC3T3-E1 cells were transfected with the Lipofectin reagent (Invitrogen, Carlsbad, CA, U.S.A.). A 5 mg amount of pCI-TIMP-3 was added together with 10 ml of Lipofectin reagent to 60z con‰uent cultures on 60 mm plates. After 24 hour of incubation without FBS, the medium was changed for a fresh culture medium containing 10z FBS, and the cells were further grown to semicon‰uence. The cells were then diluted 5-8 times with a fresh medium supplemented with 500 mM G418 and grown further. The clones resistant to G418 were selected and examined for their expression level of the TIMP-3 gene by northern blot analysis. The over-expressers of TIMP-3, oeTIMP-3.1, -3.2, -3.3 and -3.4, were selected and subjected to a further analysis. Transfectants with the pCI-neo vector were used as control cells.
RT (reverse transcription)-PCR. Total RNAs isolated from cells that had been cultured for 14 days with or without AscP were treated with DNase, and then 8 mg of RNAs were used for a cDNA synthesis with oligo-dT primers. cDNA fragments of MMP-2 and -13, osteocalcin, osteopontin and osteonectin were ampliˆed by PCR with the oligonucleotide primers listed in Table 1 and conˆrmed by nucleotide sequencing. Semiquantitative analyses for mRNAs were conducted by limiting the number of PCR cycles (20 and 30 cycles).
Preparation of the conditioned medium and gelatin substrate zymography. Cells that had been cultured for 14 days with or without AscP were washed with a serum-free medium and incubated for an additional 18 h in the same serum-free medium. The conditioned medium (CM) was collected and centrifuged to remove the insoluble materials, and the supernatant was stored at -809 C for use in the gelatinase assays. Aliquots of 15 ml per well were subjected to SDS-polyacrylamide (10z) gel electrophoresis in the presence of 0.05z of gelatin and processed as described by Mizutani et al. Determination of the ALPase activity. The ALPase activity in the cell layers was measured as described by Hitomi et al., using p-nitrophenylphosphate as a substrate, and is expressed as nmol of products formed W min W mg of protein.
15) Protein concentration was determined by means of the standard Bio-Rad protein assay with bovine plasma g-globulin as the standard.
Determination of the levels of collagen and mineralization. To determine the collagen level, cells that had been grown for 14 days were rinsed twice with PBS,ˆxed with Bouin's ‰uid (8.3z formaldehyde and 4.8z glacial acetic acid in saturated aqueous picric acid) for 1 hr at room temperature, rinsed with water, air dried, and stained with 100 mg W ml of Sirius Red F3BA (Aldrich Chem. Co., Milwaukie, WI, U.S.A.) in saturated aqueous picric acid for 1 hr. 16) The cells were then rinsed with 0.01 N HCl, and the stain was extracted with 0.01 N NaOH. The absorbance at 550 nm of the extract was measured. To determine the level of mineralization of ECM, cells that had been grown for 21 days in the basal medium supplemented with 0.4 mM AscP were rinsed twice with PBS, incubated for 1 hr with 100z ethanol, stained with 0.1z Alizarin red S (Wako Pure Chemicals Co., Osaka, Japan) for 1 hr at room temperature, and rinsed with ethanol. The stain waŝ nally extracted with water.
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Results
Identiˆcation of the TIMP-3 gene as an upregulated gene during osteoblastic diŠerentiation
It has been shown that many genes are involved in osteoblastic diŠerentiation, including type I collagen, ALPase, osteocalcin, osteopontin, and several matrix metalloproteinase (MMP) genes. 1, 3, 10) However, regulation of these genes in parallel with the progress of osteoblastic diŠerentiation and their roles in osteogenesis are not fully understood. To isolate and characterize the roles of the genes expressed at various stages of osteoblastic diŠerentia-tion, we adapted the diŠerential display method. 14, 17) A typicalˆngerprint pattern of ampliˆed cDNAs is shown in Fig. 1A . Almost all the cDNA bands had the same signal intensity in comparison with cDNAs ampliˆed from RNAs that had been prepared from diŠerentiated cells and those from undiŠerentiated cells. Only one cDNA band derived from diŠerentiat-ed cells revealed a distinctly intense signal whom compared with that derived from undiŠerentiated cells (Fig. 1A) . Therefore, this cDNA fragment was extracted from the gel and cloned as an up-regulated gene in the process of the diŠerentiation of MC3T3-E1 cells. A sequence analysis revealed that this clone contained the 3?-noncoding region of the TIMP-3 gene. 9) To verify the expression properties of the TIMP-3 gene, the cDNA fragment that had been isolated by the diŠerential display method was used as a probe for a northern blot analysis (Fig. 1B) . The TIMP-3 gene was expressed relatively constantly under the non-diŠerentiation conditions (in the absence of ascorbate). When MC3T3-E1 cells were induced for diŠerentiation by ascorbate, the expression level of TIMP-3 was increased, especially at the late stage of diŠerentiation (Fig. 1B) . In contrast, TIMP-1 and TIMP-2 were expressed almost constitutively under the growth conditions used here. 
Functional roles of TIMP-3 during osteoblastic diŠerentiation
To elucidate the physiological functions of TIMP-3 in the process of osteoblastic diŠerentiation, expression vectors for the TIMP-3 gene were constructed and transfected into MC3T3-E1 cells. No cell lines expressing the antisense TIMP-3 mRNA were obtained, although the reason for this is not known. However, cell lines constitutively expressing a high level of TIMP-3 were successfully established, this being conˆrmed by a northern blot analysis ( Fig. 2A) . Four representative cell lines, oeTIMP-3.1, -3.2, -3.3 and -3.4, were characterized for the functional roles of TIMP-3.
No signiˆcant diŠerence between the proliferative rate of the control MC3T3-E1 cells transfected with the pCI-neo vector and those of the TIMP-3 transfectants was apparent under the growth conditions used here. Furthermore, both the control cells and oeTIMP-3 transfectants maintained normal morphology in the basal medium with or without ascorbate. To examine the functional consequences of overexpression of the TIMP-3 gene, the expression of the osteoblastic phenotypes was determined in the transfectants cultured with or without ascorbate, since ascorbate has been shown to markedly stimulate the synthesis of osteoblastic marker proteins such as type I collagen, ALPase and MMPs in MC3T3-E1 cells. 1) Consistent with previousˆndings, type I collagen, ALPase, and MMP-2 and-13 were induced to high levels in the control cells when grown with ascorbate (Figs. 2B, C and D) . However, no stimulatory eŠect of ascorbate on the synthesis of ALPase and MMPs was observed with the oeTIMP-3 transfectants, although type I collagen synthesis was enhanced to a similar level to that of the control cells in the presence of ascorbate (Figs. 2B, C and D) . With ascorbate in the culture, 68-kDa gelatinase, a latent form of MMP-2, in the control cells increased signiˆcantly in parallel with production of the 60-kDa enzyme, which has been proved to comprise both the active form of MMP-2 and a latent form of MMP-13. In contrast, MMP-2 activity in the oeTIMP-3 transfectants remained unaltered at a low level, irrespective of the culture conditions. Furthermore, no 60-kDa activity was apparent with the transfectants (Fig. 2D) .
MC3T3-E1 cells under prolonged culture conditions with ascorbate have been known to form mineralized ECM which could be detected by staining with Alizarin Red S. To determine whether the overexpression of TIMP-3 aŠected the mineralization of ECM, Alizarin Red S was used to stain ECM in both the oeTIMP-3 transfectants and control cells cultured in the presence or absence of ascorbate. The control cells grown for 21 days with ascorbate were intensely stained as a consequence of diŠerentiation, whereas the oeTIMP-3 transfectants were not stained to any signiˆcant extent, even in the presence of ascorbate (data not shown). The transfectants with pCI-neo or pCI-TIMP-3 were cultured for 14 days with and without AscP, after which the collagen accumulation, and ALPase and gelatinase activities were examined. A) Analysis of the expression of the TIMP-3 gene in the transfectants. Four representative cell lines (oeTIMP-3.1 to -3.4) were grown for 7 days in the basal medium, since the TIMP-3 gene was constructed to be constitutively expressed. RNAs isolated from these lines were subjected to northern blotting, using the radioactive TIMP-3 DNA fragment. GAPDH was used as an internal control. B) Type I collagen in the control cells and oeTIMP-3 transfectants. The amount of type I collagen was measured by Sirius Red staining. The absorbance at A 550 of the extracted solution was measured and is shown as the value relative to the undiŠerentiated control cell value of 1. Error bars show SEM (n＝3). The ALPase activity in the cell extracts (n＝3) (C) and gelatinase activity (D) in the conditioned medium were determined as described in the Materials and Methods section. The molecular masses of latent MMP-9 (92 kDa), latent MMP-2 (68 kDa) and active MMP-2 W latent MMP-13 (60 kDa) are indicated.
During diŠerentiation, osteoblasts synthesize such diŠerentiation marker proteins as OC, OP and ON, in addition to type I collagen, ALPase and MMPs. The temporal expression of these proteins is required for in vivo bone formation by forming mineralized ECM. We examined further the modulation of these phenotypic types of expression in the TIMP-3 transfectans in comparison with that of the control cells. RNAs isolated from cells grown with or without ascorbate were subjected to semiquantitative RT-PCR (Fig. 3) . In the control cells, the expression of OC, ON and MMP-13 was up-regulated during the process of diŠerentiation induced by ascorbate, whereas OP and MMP-2 were only constitutively expressed. In contrast, all of the phenotypic types of expression were constitutive and remained at low levels in the oeTIMP-3 transfectants. No enhanced expression of genes was apparent in the oeTIMP-3 transfectants, even under the conditions induced for diŠerentiation.
Discussion
MC3T3-E1 cells have been used to study the process of osteoblastic diŠerentiation, and changes in many types of genotypic expression have been shown to be accompanied by osteoblastic phenotypic alteration. 18) To identify novel genes involved in the process of the ascorbate-induced diŠerentiation of MC3T3-E1 cells, the diŠerential display method was utilized and the TIMP-3 gene was identiˆed as an upregulated gene. Uchida et al. have also demonstrated that the TIMP-3 mRNA level was higher in MC3T3-E1 cells treated with cytokines. 19) This led us to investigate further the functional roles of TIMP-3 in osteogenesis.
When the TIMP-3 gene was overexpressed in MC3T3-E1 in the presence of ascorbate, the MMP-2 and -13 activities were reduced to the levels of those in undiŠerentiated cells. Neither the ALPase activity nor any other osteoblastic marker proteins such as OC, OP or ON were increased in the TIPM-3 transfectants. The extent of mineralization of ECM in the oeTIMP-3 transfectants determined by Alizarin Red S staining was also found to be reduced to the basal level of the undiŠerentiated cells. All these results indicate that overexpression of the TIMP-3 gene prevented ascorbate-induced osteoblastic diŠerentia-tion of MC3T3-E1 cells, probably as a consequence of the inhibition of digestion of collagenous ECM with MMPs, since TIMP-3 has been shown to inhibit MMP activities by binding to ECM. This indication was supported by preliminary data obtained by expressing the antisense MT1-MMP, MMP-2 and -13 mRNAs in MC3T3-E1 cells, where the genotypic expression of osteoblastic phenotypes was substantially reduced.
MMP and TIMP activities are both involved in various physiological and pathological processes. Mouse osteoblasts have been shown to produce MMP-2 (gelatinase A). 20, 21) During osteoblastic diŠerentiation, the expression of such MMPs as MMP-13 is up-regulated by the osteoblast-speciˆc transcription factor, RUNX2 W Cbfa1. 22) Tuckermann et al. have investigated the expression properties of MMP-13 (collagenase 3) in vivo by in situ hybridization, and have shown that MMP-13 could also be used as a marker for osteoblastic diŠerentiation. 23) Disruption of the MMP genes in‰uences bone formation in vivo, for example, MMP-2 mutation has caused an inherited human disease, nodulosis, arthropathy, and ostolysis (NAO) syndrome. 24) In MT1-MMP-deˆcient mice, bone formation, including membranous ossiˆcation of calvarial bone, was markedly reduced and the function of bone-forming cells impaired. 25) MT1-MMP has also been suggested to activate MMP-2 by cleaving the propeptide domain of latent MMP-2. 26, 27) All these results indicate that MMPs are important for both bone resorption and bone formation. It has also been shown that the interaction between integrins and the RGD motif in collagenous ECM triggered osteoblastic diŠerenti-ation. 28) MMPs of MC3T3-E1 cells could digest the collagenous component of ECM and liberate peptides containing the RGD motif, which would then be recognized and bound by integrins leading to the induction of diŠerentiation. Our results support a new concept of the role of ECM, which functions not only as a framework to maintain cell integrity but also as a regulator of cell behavior, including osteoblastic diŠerentiation. MMP and TIMP activities are important to mediate these cellular functions through ECM remodeling.
